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(54) LITHIUM SECONDARY CELL AND METHOD FOR MANUFACTURING THE SAME 

(57) The present invention relates to a lithium sec- 
ondary battery with a cathode and an anode, each elec- 
trode containing an active material capable of 
incorporating and releasing lithium ions. The anode 
includes a sintered material which contains 50 to 99 % 
by weight of silicon and 1 to 50 % by weight of carbon 
material, and has an electrical conductivity not less than 
1 S/cm. By employing the anode including the sintered 
material containing silicon as the anode active material 
and carbon material, an increased packing density of 
the active material and an increased capacity per vol- 
ume can be obtained. Furthermore, the anode conduc- 
tivity of not less than 1 S/cm can provide a high capacity 
and improved cycle property. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the invention 

[0001] The present invention relates to a lithium secondary battery comprising an anode of a sintered material that 
contains silicon as an active material, and a method of producing the same. 

10 Description of the Related Art 

[0002] As portable electronic apparatuses such as video cameras and cellular phones become popular, high- 
energy density lithium secondary batteries have attracted special interest. The lithium secondary battery comprises a 
cathode and an anode that contain active materials capable of incorporating and releasing lithium ions, and a lithium 

is ion conductive electrolytic solution. 

[0003] Such attempts have been made as silicon or a compound thereof capable of providing greater capacity per 
unit volume than carbonaceous materials is used as the anode active material of the lithium secondary battery thereby 
forming the anode. For example, Japanese Laid-Open Patent Publication No. 7-29602 discloses a method of producing 
a anode by using Ls x Si (0 m x £ 5) as the anode active material and molding the anode active material with graphite 

20 used as an electrically conducting filler and a binder added thereto into pellets. 

[0004] Silicon is capable of incorporating a greater amount of lithium than the conventionally used carbonaceous 
materials. However, electrical resistance of a anode that contains silicon increases since volume thereof changes sig- 
nificantly as charging and discharging operations are repeated, and the capacity of the battery decreases with the 
number of charge and discharge cycles that have been experienced. Since silicon has lower electrical conductivity than 

25 the carbonaceous material, it is necessary to add a large amount of carbonaceous material as electrically conducting 
filler in order to ensure the electrical conductivity of the anode. As a result, there has been such a problem that the 
capacity of the battery per unit volume decreases. 

[0005] There has also been such a problem that a battery having silicon-based anode falls in the state of over-dis- 
charge when having been left without charging after discharge, and this causes the dissolution of silicon from the anode 

so or dissolution of copper from a current collector thus resulting in decreased battery capacity. 

[0006] Fluorine-containing lithium salt having high electrical conductivity has been used in the prior art for the elec- 
trolyte contained in a non-aqueous electrolytic solution. However, the electrolytic solution contains hydrogen fluoride. 
Hydrogen fluoride is produced through reaction of the fluorine-containing lithium salt and moisture that inevitably con- 
taminates the electrolytic solution. Hydrogen fluoride is also likely to contaminate as an impurity during the production 

35 process. There has also been such a problem that hydrogen fluoride contained in the electrolytic solution reacts with 
silicon contained in the anode thus decreasing the amount of active material and decreasing the conductivity of the 
electrolytic solution, thus degrading the charge-discharge cycle property. 

[0007] To incorporate lithium into the silicon-based anode, for example, such a method is employed as lithium is 
supplied from the cathode to the anode by charging. Since silicon particles lose crystallinity and changes to an amor- 
40 phous structure on the first charging, reversible incorporation and release of lithium ions is made possible. However, 
there has been such a problem that, although the silicon-based anode can incorporate a large amount of lithium, there 
is a significant difference between the amount of lithium incorporated and the amount of lithium released (irreversible 
capacity) at the first charging, and satisfactory cycle property cannot be obtained. 

45 SUMMARY OF THE INVENTION 

[0008] It is an object of the present invention to provide a lithium secondary battery having high capacity and good 
cycle property by improving the electrical conductivity of the anode. 

[0009] it is another object of the present invention to provide a lithium secondary battery having good storage sta- 
50 biiity, high capacity and good cycle property by suppressing the dissolution of silicon from the anode and copper from 
the current collector at a time of over-discharge. 

[0010] It is still another object of the present invention to provide a lithium secondary battery having high capacity 
and good cycle property by restricting the amount of hydrogen fluoride contained in the electrolytic solution within a pre- 
determined level. 

55 [0011] it is still another object of the present invention to provide a lithium secondary battery having high capacity 
and good cycle property by decreasing the irreversible capacity. 

[0012] It is still another object of the present invention to provide a method of producing the lithium secondary bat- 
tery having high capacity and good cycle property 
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[0013] According to an aspect of the present invention, there is provided a lithium secondary battery with a cathode 
and an anode, each electrode containing an active material capable of incorporating and releasing lithium ions, said 
anode comprises a sintered material which contains, at least, 50 to 99% by weight of silicon and 1 to 50% by weight of 
a carbonaceous material, and the sintered material has an electrical conductivity not less than 1 S/cm. 

s [0014] According to the present invention, since the anode is made from a sintered material that contains an anode 
active material consisting of 50 to 99% by weight of silicon and 1 to 50% by weight of the carbonaceous material, the 
packing density of the anode active material can be increased and the battery capacity per unit volume can be 
increased. The electr ical conductivity of the anode having 1 S/cm or higher makes it possible to provide a battery of high 
capacity and good cycle property. 

10 [0015] It is preferable that silicon contained in the sintered material exists in the form of particles and the particles 
are covered with the carbonaceous material. The carbonaceous material that covers the silicon particles prevents the 
silicon particles from making direct contact with the electrolytic solution. This makes it possible to suppress the irrevers- 
ible reaction of the silicon particles and the electrolytic solution even in the state of over-discharge, suppress the 
decrease of the battery capacity even during storage and maintain high capacity over a longer period of storage time. 

15 [0016] According to another aspect of the present invention, there is provided a lithium secondary battery, the 
anode is made from the sintered material that contains 50 to 99% by weight of silicon and 1 to 50% by weight of car- 
bonaceous material. The sintered material containing high proportion of silicon provides a high capacity. 
[0017] According to another aspect of the present invention, there is provided a lithium secondary battery with a 
cathode and an anode, each electrode containing an active material capable of incorporating and releasing lithium ions, 

20 said anode is made from the sintered material that contains 50 to 99% by weight of silicon and 1 to 50% by weight of a 
carbonaceous material, and lithium is incorporated to a degree equivalent to a capacity of 200 to 800 mAh per 1g of 
silicon when fully charged. In a battery capable of incorporating lithium in the anode active material equivalent to 200 
to 800 mAh when fully charged, irreversible capacity can be decreased and the cycle property can be improved. In the 
range described above, it is assumed that decay of the crystal structure of silicon and formation of material that do not 

25 participate in the charging and discharging reactions, which are considered to cause the irreversible capacity, are sup- 
pressed. 

[001 8] According to another aspect of the present invention, there is provided a lithium secondary battery with a 
cathode, an anode and a lithium conductive electrolytic solution, each electrode containing an active material capable 
of incorporating and releasing lithium ions, said anode is made from the sintered material that contains 50 to 99% by 

30 weight of silicon and 1 to 50% by weight of a carbonaceous material, and said electrolytic solution contains fluorine- 
containing lithium salt and hydrogen fluoride with the concentration of not more than 250 \i g/g. Hydrogen fluoride 
decreases the battery capacity. However, when the concentration of hydrogen fluoride in the electrolytic solution is low- 
ered into the concentration range of not more than 250 \x g/g, decreases in the battery capacity and in the electrical con- 
ductivity of the electrolytic solution can be suppressed, and the cycle property can foe improved. 

35 [001 9] Also according to the present invention, such an amount of lithium can be incorporated in the anode when 
fully charged that is equivalent to 200 to 800 mAh per 1 g of silicon. Capacity not more than 200 mAh is not enough for 
practical use, and capacity higher than 800 mAh leads to excessive irreversible capacity: The lithium secondary battery 
having high capacity and good cycle property can be obtained even when the capacity is limited within 800 mAh. 
[0020] According to another aspect of the present invention, there is provided a process for producing a lithium sec- 

40 ondary battery with a cathode and an anode, each electrode containing an active materials capable of incorporating 
and releasing lithium ions, the step of forming the anode comprises at least a step of forming a coated film consisting 
of silicon and a binder that forms hard (non-graphitizable) carbon through heat treatment on the current collector and a 
step of sintering the coated film in a non-oxidizing atmosphere, so that a sintered material of the coated film is inte- 
grated with the current collector in the sintering step. The binder of non-graphitizable carbon is added for the purpose 

45 of forming amorphous carbon that undergoes less volume change during the heat treatment, thereby making it possible 
to sinter the coated film while maintaining the shape thereof. As a result, a porous sintered material capable of making 
sufficient contact with the electrolytic solution can be formed thereby increasing the capacity. Also because the amor- 
phous carbon forms an electrically conductive network in the sintered material, the electrical conductivity of the sintered 
material is improved. Moreover, since the binder is carbonized to form a solid phase in such a state as the current col- 

so Sector and the coated film are in close contact with each other, adhesion between the current collector and the sintered 
material is improved and the contact resistance between the current collector and the sintered material is decreased, 
thereby improving the battery capacity and the cycle property. 

[0021] The hard carbon refers to a carbon material that is difficult to form a three-dimensional graphite structure 
even when subjected to a heat treatment at a temperature higher than 3000°C. Those that are carbonized via a liquid- 
55 like hydrocarbon such as pitch coke are soft (graphitizable) carbons, and polymers having a three-dimensional structure 
such as phenol-formaldehyde resin and a wooden material that are carbonized without melting are hard carbons. 
[0022] Whether a material becomes a hard carbon or a soft carbon is basically determined by the nature of the raw 
material. A layer-structure made by carbonization at a temperature below about 500°C is basically maintained through 
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a heat treatment at higher temperatures, and shows clear distinction in terms of parameters of X-ray diffraction only 
after the heat treatment at a temperature of about 2000°C. In other words, the material subjected to the heat treatment 
at a temperature of about 2000°C can be determined whether it is a hard carbon or a soft, carbon. 
[0023] The binder may be at least one selected from the group consisting of phenol-formaldehyde resin, xylene 
s resin, furan resin, vinylidene resin, saccharides, polyacryionitrile and gelatin. 

[0024] The retention of the binder after the sintering is preferably not lower than 5% by weight, more preferably 1 0% 
by weight or higher. When the retention is 5% by weight or higher, contact resistance between the sintered material and 
the current collector can be decreased The retention is represented by the ratio of the weight after heat treatment to 
the weight before heat treatment determined by thermogravimetry. 

10 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0025] This application is based on Japanese Patent Applications of No. 10-361913 filed 1998, December 3, No. 
1 1 -50293 filed 1 999 February 26, No. 11-50644 filed 1999. February 26 and No. 1 1 -1 76606 filed June 23 ( the content 
15 of which are incorporated hereinto by reference. 

[0026] The lithium secondary battery of the present invention comprises a stacking product containing a cathode 
current collector, a cathode, a separator containing a non-aqueous electrolytic solution or a polymer electrolyte, an 
anode and an anode current collector, 

[0027] The anode used in the present invention contains silicon as the anode active material. Silicon as the anode 

20 active material may be either crystalline or amorphous substance of simple silicon, and also may be a silicon compound 
that can be decomposed or reduced into silicon by heat treatment in a non-oxidizing atmosphere. The silicon compound 
may be an inorganic silicon compound such as silicon oxide or an organic silicon compound such as silicone resin or 
silicon-containing polymer compound. Among these, simple substance of silicon is particularly preferable. 
[0028] As the anode used in the present invention, a sintered material that contains silicon and carbonaceous 

25 material is used. The sintered material is formed by, for example, sintering silicon powder in a non-oxidizing atmosphere 
in the presence of a carbonaceous material or a material that is converted into the carbonaceous material by a heat 
treatment in such a range of temperatures in which silicon compounds such as SiC are not formed and silicon is not 
molten. The sintering process is carried out for a period of 0.1 hours or longer at a temperature in a range from 400 to 
1400°C, more preferably from 800 to 1200°C, thereby to obtain the sintered material that contains silicon and carbon- 

30 aceous material. Silicon content in the sintered material is preferably from 50 to 99% by weight. When the silicon con- 
tent is 50% by weight or more, practically sufficient capacity can be achieved and conductivity of the sintered material 
not lower than 1 S/cm, more preferably not lower than 1 0S/cm can be achieved. More preferably, the silicon content is 
set to 70% by weight or more which makes it possible to increase the capacity without decreasing the conductivity. 
[0029] While there is no limitation to the particle size of the silicon powder, powder of mean particle size in a range 

35 from 0.5 jj. m to 1 00 jam may be used for the purpose of decreasing the contact area with the electrolytic solution and 
for the reason of operability, material cost and uniformity of the powder. 

[0030] The carbonaceous material used for making the anode of the present invention may be graphite, amorphous 
carbon or a mixture thereof. For example, coke, natural graphite, artificial graphite, carbonized pitch or a mixture thereof 
may be used. Also a carbonaceous material obtained by thermal decomposition of an organic material is used. 
40 [0031 ] While the electrically conductive metai used in the current collector of the anode may be a metal selected 
from among stainless steel, the metals of copper group and the metals of platinum group, copper is preferable for its 
high conductivity and low cost. The electrically conductive metal may be used in the form of either foil or mesh, thick- 
ness is preferably in a range from 3 to 1 00 urn 

[0032] The cathode used in the present invention may be made of any known material such as Li x Co0 2 , LLNi0 2 , 
45 Mn0 2l Li x Mn0 2 , Li x Mn 2 0 4 , Li x Mn 2 . y 0 4 , a - V 2 O e and TiS 2 , while a lithium-containing metal oxide that contains a metal 
selected from a group consisting of cobalt, manganese and nickel is preferable. 

[0033] As the non-aqueous electrolyte used in the present invention, a non-aqueous electrolyte made by dissolving 
lithium compound in an organic solvent may be used. A solid electrolyte prepared by incorporating a polymer with a lith- 
ium compound in a solid state, or a polymer solid electrolyte prepared by dissolving a lithium compound in an organic 

50 solvent and supporting the organic solvent may be used. While using an organic solvent in combination with an elec- 
trolyte makes the non-aqueous electrolyte, any of organic solvents and electrolytes that are used in this type of battery 
maybe used. Decreases in the capacity of the battery and in the conductivity of the electrolytic solution can be sup- 
pressed and the cycle property can be improved by limiting the concentration of hydrogen fluoride contained in the elec- 
trolytic solution not more than 500 u. g/g, preferably not more than 250 u. g/g, and more preferably not more than 150 fi 

55 g/g. Decreasing the amount of hydrogen fluoride contaminated as an impurity in the fluorine-containing lithium salt and 
decreasing the water content in the solvent can restrict the concentration of hydrogen fluoride contained in the electro- 
lytic solution. Water in the solvent does not react with silicon of the anode active material, unlike the case of using the 
lithium metal as the anode active material. Therefore, the water content in the solvent may be restricted so that the con- 
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centration of hydrogen fluoride contained in the electrolytic solution fails within a predetermined range. 
[0034] Incorporation of lithium into the anode active material is carried out for the battery assembled with the 
anode, the cathode and the electrolytic solution. That is, the first charging is done to have lithium incorporated until such 
a predetermined charging capacity is reached that is set in accordance to the amount of the cathode active material 
5 that supplies lithium within a range from 200 to 800 mAh, preferably 400 to 800 mAh per 1 g of silicon. Then the second 
and subsequent charging operations are preferably done by setting the value of charging capacity less than that of the 
first charging. 

[0035] The "binder that forms the non-graphitizable cartoon through the heat treatment, used in the present inven- 
tion" includes, for example, thermosetting resins such as phenol-formaldehyde resin, xylene resin, furan resin, urethane 

to resin, epoxy resin, polyimide resin, melamine resin and urea resin; saccharides such as sugar, starch and cellulose 
derivatives; vinyiidene resins such as poiyvinylidene chloride and polyvinylidene fluoride resin; protein derivative such 
as gelatin and natural protein; and polyacrylonitriie. Among these, phenol-formaldehyde resin, xylene resin, furan resin, 
vinyiidene resins, saccharides, polyacrylonitriie and gelatin are particularly preferable. The material that becomes the 
hard carbon through the heat treatment is the binder referred to in the present invention, in case it is contained in the 

15 coated film. 

[0036] In addition to the binder, pitch or the like that becomes the soft carbon through the heat treatment may be 
used and the degree of carbonization is increased by raising the heat treatment temperature, thereby increasing the 
conductivity of the sintered material, or graphite or the like may be added thereby increasing the conductivity of the sin- 
tered material. 

20 [0037] Also a resin orthe like that decomposes or volatilizes through heat treatment such as polyvinyl butyral resin 
may be added. This increases the porosity of the sintered materia! so that more electrolytic solution can penetrate into 
the electrode, thereby reducing the internal resistance of the electrode and soften the coated film prior to the heat treat- 
ment, thus making it easier to handle the coated film. 

[0038] It is preferable that the sintered material does not substantially contain SiC that does not incorporate and 

26 release lithium ions thereby having no capacity. The expression of not substantially containing SiC means that, as the 
present inventors discloses in Japanese Patent No. 2948206, peak intensities of wave numbers 770 cm -1 and 940 cm 
1 that are attributed to SiC in Raman spectroscopy are not higher than 0.01 with respect to the peak intensity of wave 
number 525 cm" 1 that is attributed to Si. When the value is 0.01 or less, the sintered material does not substantially con- 
tain SiC, so that high capacity and good cycie property can be obtained. Formation of a silicon compound such as SiC 

30 can be confirmed by observing a color of the sintered material changing to gray. 

[0039] The method of producing the anode includes at least the preparation of the coating solution by adding silicon 
powder and a carbonaceous material or an organic material that turns to carbonaceous material through the heat treat- 
ment to an solvent, application of the coating solution on the current collector made of an electrically conductive metal, 
formation of the coated film by drying to remove the solvent, and sintering the coated film, while the current collector 

35 may be integrated with the sintered material. The sintered material has a structure such as dispersed phase of silicon 
exists in the continuous phase of the carbonaceous material, and silicon particles are covered by the carbonaceous 
material. In case the film that contains the powder is formed on the current collector and is sintered in a non-oxidizing 
atmosphere to make the anode, the sintering temperature is preferably in such a range as formation of silicon com- 
pound such as SiC is suppressed and silicon is not molten. Specifically, the temperature is preferably 1400°C or lower 

40 and not higher than the melting point of the current collector to suppress the reaction of silicon and the current collector. 
In case copper is used for the current collector, for example, a sintering temperature is preferably lower than 1083°C 
that is the melting point of copper or lower, and more preferably in a range from 700 to 850°C, 

[0040] The anode may also be formed by the method described below. After forming the coated film on the current 
collector, the coated film and the current collector are dipped together in a solution that contains a carbonaceous mate- 

45 rial or an organic material that turns to carbonaceous material through the heat treatment, or the current collector is 
coated with the solution, and the film is formed by drying to remove the solvent. Then the film and the current collector 
are sintered in a non-oxidizing atmosphere so that the carbonaceous material covers the current collector. This pre- 
vents the contact between the current collector and the electrolytic solution, thereby suppressing the dissolution of the 
current collector metal and improving the storage stability of the battery. 

so [0041 ] The coating solution is applied to an organic film such as polyester film, instead of the current collector, and 
is dried then the coated film is sintered in a non-oxidizing atmosphere after being separated from the organic material 
film or without separating. A sintering temperature is preferably in such a range as silicon compounds such as SiC are 
not formed and silicon is not molten. The sintering process is carried out for a period of 0.1 hours or longer at a temper- 
ature in a range from 400 to 1 400°C, more preferably from 800 to 1 200°C, thereby to obtain the sintered material. The 

55 sintered material may be placed on the current collector and sintered at such a temperature, as the current collector 
does not melt, thereby to integrate with the current collector. 

[0042] The anode and the current collector may be integrated by adding silicon powder and a carbonaceous mate- 
rial or an organic material that changes to carbonaceous material through heat treatment to the binder and the solvent, 
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without subjecting to the heat treatment, thereby preparing the coating solution, with the coating solution being applied 
to the current collector and heat-treated in a non- oxidizing atmosphere in such a temperature range as the current col- 
lector does not melt, thereby sintering the anode and the current collector into a single body. In this case, the coating 
solution may be applied to an organic film, instead of the current collector, then dried and separated from the organic 
5 film and placed on the current collector to be fired thereby forming a sintered material which is integrated with the cur- 
rent collector. 

[0043] In the method of the present invention, although there is no limitation to the method of forming the coated 
film on the current collector, it is preferable to apply the coating solution containing the anode material and the binder, 
in order to maintain the uniformity of the coating solution. The coating solution may also be applied directly to the cur- 

w rent collector to form the coated film. Alternatively, the coated film formed by applying the coating solution to other base 
material is peeled off and attached to the current collector When attaching the peeled coated film to the current collec- 
tor, it is desirable to form the coated film by applying the coating solution to such a base material that allows it to easily 
peel off the coated film. The base material may be selected according to the compatibility with the solvent, the binder 
and the anode active material contained in the coating solution. For this purpose, a film made of polyethylene tereph- 

15 thafate (PET) and treated with a release agent is preferably used. The coated film that has been peeled off may be 
attached to the current collector simply by pressing or by means of an adhesive. 

[0044] in order to mix the anode material and the binder uniformly, it is desirable to mix the anode material with a 
solution wherein the binder has been dissolved or dispersed in advance, in the preparation of the solution or dispersion 
of the hinder, any solvent or water may be used according to the solubility and dispersing property of the binder, poly - 
20 mer and plasticizer that are added, solubility and dispersing property of the anode material and the drying rate of the 
coated film. A dispersant may also be added in order to improve the dispersing property of the anode material in the 
coating solution. 

[0045] When the coating solution is prepared by wet mixing of the anode material and the binder, a common appa- 
ratus used in preparing coating solutions may be used such as roll mill, bail mill, attritor, sand mill, disperse^ jet mill and 
25 ultrasonic disperses 

[0046] When applying the coating solution to the current collector or other base material, various coating methods 
may be employed such as gravure coating, dye coating, dipping, blade coating, spinning and spray coating. 
[0047] While hot air dryer is desirable in view of the drying efficiency for drying the applied coating solution to form 
the coated film, the present invention is not limited to this method and various other drying methods may be employed. 
30 [0043] In order to improve the uniformity and density of the coated film, it is desirable to compress the coated film 
formed on the current collector with, for example, a roll press or a flat plate press, as required. 
[0049] Now the present invention will be described in more detail by way of preferred embodiments. 

Embodiment 1 

35 

[0050] A battery according to the first embodiment was made in the following process. 
(Formation of anode) 

40 [0051 ] 28.5 parts by weight of polycrystalline silicon powder having purity of 99.9% and mean particle size 7 \i m, 
7 parts by weight of graphite and 1 part by weight of pitch were uniformly mixed, with a solution made by dissolving 16 
parts by weight of phenol-formaldehyde resin (resol type) and 4 parts by weight of polyvinyl butyraf resin in 43 parts by 
weight of N-methyl-2-pyrrolidone (HUP) was added to the mixture, and the solution was charged into a vibration mill to 
obtain a uniform coating solution. This coating solution was applied to a copper foil having a thickness of 35 jli m using 

45 an applicator (gap width 500 \i m), and was dried at 80°C for 30 minutes. The coated film was punched in a shape of 
disk 2 cm in diameter, that was pressed with a pressure of 1 .5 x 1 0 8 Pa with a flat plate press and fired in a nitrogen 
atmosphere at a temperature of 800°C for three hours, thereby forming a anode. 

(Formation of cathode) 

50 

[0052] Lithium carbonate and cobalt carbonate were weighed in a molar ratio of 1 : 1 , and were uniformly mixed in 
a ball mill using isopropyl alcohol as the solvent. The mixture was dried and fired at 800°C for one hour in the air. The 
fired powder was crushed and formed into pellets 2 cm in diameter and 0.3 mm thick under a forming pressure of 1 .3 x 
to 8 Pa. The pellets were fired at 800°C for ten hours thereby obtaining a cathode. 

55 

(Fabrication of battery) 

[0053] A porous film made of polyethylene was interposed as a separator between the anode and the cathode, and 
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the electrolytic solution was made by adding 1 mole/L of LiPF 6 to a mixture of ethylene carbonate and dimethyl carbon- 
ate in a volume proportion of 1:1, thereby making a coin type battery. 

[0054] The battery made as described above will be called sample No. 1. Sample No. 2 is a battery made in the 
method described above wherein the 1 6 parts by weight of phenol-formaldehyde resin is replaced by 22 parts by weight 

s of xylene resin. Sample No. 3 is a battery made in the method described above wherein graphite is not mixed in the 
anode material, while the anode film is peeled off the copper foil and fired at 1 1 00°C. Sample No. 4 is a battery made 
in the method described above wherein 9.5 parts by weight of silicon powder is used. Sample No. 5 is a battery made 
in the method described above wherein graphite is not mixed in the anode material. Sample No. 6 is a battery made by 
using a coated film formed as follows for the anode: 50 parts by weight of polycrystaffine silicon powder having purity of 

w 99.9% and mean particle size of 7 jj. m and 5 parts by weight of graphite were uniformly mixed, with a solution made by 
dissolving 5 parts by weight of polyvinyiidene fluoride team in 50 parts by weight of NMP was added to the mixture, and 
the solution was charged into a vibration mill to obtain a uniform coating solution. This coating solution was applied to 
a copper foil having a thickness of 35 p. m by means of an applicator (gap width 500 p. m), and was dried at 80°C for 30 
minutes* The coated film was punched in a shape of disk 2 cm in diameter, that was pressed with a pressure of 1 .5 x 

15 1 0 s Pa with a flat plate press, thereby making a anode without firing. 

[0055] The batteries fabricated as described above were left to stand at the room temperature for a whole day. Then 
the batteries were subjected to one cycle of charge and discharge (charging for 15 hours, discharging cut off voltage 
2.5 V) with current of 2 mA, and one cycle of charge and discharge (charging for 6 hours, discharging cut off_voitage 
2.5 V) with current of 4 mA. Then the batteries were subjected to cycle test (charging with constant current, constant 

20 voltage with 12 mA, 4.05 V for 3 hours, discharging with constant current of 8 mA, discharging cut off voltage 2.5 V). 
The results of the cycle test and the electrical conductivity of the anodes are shown in Table 1 . 

[0056] The electrical conductivity of the anode was measured by four-terminal method as described below. A rec- 
tangular anode is placed on a slide glass. Four copper wires serving as terminals were bonded to the anode by means 
of an electrically conductive paste, in a state of being disposed on a pair of opposing sides of the anode in parallel to 
25 each other at a distance sufficiently large compared to the thickness of the anode and being stretched tightly. Ends of 
the four copper wires were fixed on the slide glass with the electrically conductive paste. Outer two of the four copper 
wires were connected as current supply terminals to a current source, and inner two wires were connected as voltage 
measuring terminals to a voltmeter. 

[0057] Then the voltage was measured by changing the magnitude of current and the direction of current flow. Elec- 
30 tricai resistance (R) was determined from the gradient of the line of voltage-current property, and the electrical conduc- 
tivity of the anode was calculated as follows. 

Electrical conductivity = [L/(R x A)] 

35 In the above equation, L is the distance between the two voltage measuring terminals, and A is the cross sectional area 
of the sintered material in a plane perpendicular to the direction of current. 



Table 1 



Sample No. 


Silicon content in 
anode (% by) weight) 


Electrical conductivity 
(S/cm) 


Discharge capacity 
after 1 cycle (mAh) 


Retention of capacity 
after 1 0 cycles (%) 


1 


75 


1.6 


26 


86 


2 


75 


3.3 


26 


98 


3 


■ 85 


1 


26 


90 


4 


50 


0 


26 


92 


5 


85 


0.3 


24 


80 


6 


80 


<0.1 


20 


10 



[0058] As will be clear from Table 1 , satisfactory cycle properties are obtained by using the anode having electrical 
conductivity of 1 S/cm or higher. The results of sample No.3 also shows that satisfactory cycle properties can be 
55 obtained while maintaining high electrical conductivity even when highly electrically conductive graphite is not used, by 
raising the sintering temperature. Also high capacity was obtained by using silicon as the anode active material. 
[0059] Anodes formed similarly to sample No.3 except for setting the sintering temperature to 1 500°C showed gray 
color after firing. Thus it was confirmed that silicon compound was formed in the anode. A battery made by using this 
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anode showed a high electrical resistance and could not be charged. 
Embodiment 2 

5 [0060] A battery according to the second embodiment was made in the following procedure. 
(Formation of anode) 

[0061 J 70g of polycrystalline silicon powder having purity of 99.9% and mean particle size 7 u rn was put into 1 0Og 
w of toluene solution containing 3% of pitch and dried. The dried material was fired at 1 1 00°C for three hours in nitrogen 
atmosphere, thereby to cover the surface of the silicon powder with carbon film. An anode was formed in the same man- 
ner as in the case of sample No.6 except for using the carbon-covered siiicon powder in place of the polycrystalline sil- 
icon powder of sample No.6 of the first embodiment. 

15 (Formation of cathode) 

[0062] A cathode was formed in the same manner in the first embodiment 

(Fabrication of battery) 

20 

[0063] A battery was made in the same manner as in the first embodiment 

[0064] The battery made as described above will be called sample No.7. Sample No.8 is a battery made by using 
the anode formed by the method described above. That is, an anode formed similarly to sample No.7 was dipped into 
toluene solution containing 3% of pitch and dried. The dried material was fired at 850°C for three hours in nitrogen 
25 atmosphere. Thus the anode having a thickness of 150 ju m and density of 1 .4 g/cm 3 with a copper foil that carries the 
active material and is covered by the carbonaceous material was formed. 

[0065] The batteries made as described above were, after being left for one day, subjected to one cycle of charging 
and discharging with constant current of 3 mA between charging cut off voltage of 4.1 V and discharging cut off voltage 
of 2.0 V. Then after carrying out charging with constant current, constant voltage with 10 mA to the charging cut off vott- 

30 age of 4.1 V and discharging with constant current of 8 mA to the discharging cut off voltage of 2.0 V, the batteries were 
stored in the state of discharged at the room temperature for 30 days. The retention (%) of capacity is defined as the 
ratio of battery capacity after 30 days of storage to the initial battery capacity measured at the constant current of 8 mA. 
In order to investigate the storage stability under the state of over-discharge, charge and discharge voltages were 
changed from 4.1 V and 2.5 V to 4.1 V and 2.0 V, by decreasing the discharging cut off voltage. 

35 [0066] In order to determine whether the silicon particles in the anode were covered by the carbonaceous material, 
elements on the surface of the anode were analyzed using X-ray photoelectron spectroscopy (ESCA). Also to deter- 
mine whether the electrolytic solution was decomposed or not, the electrolytic solution was analyzed by gas chromato- 
graph mass spectrometer (GC-MS) after immersing the anode in the electrolytic solution for a predetermined period of 
time. 

40 [0067] The results of measurement are shown in Table 2. 



Table 2 



Sample No. 


Presence or absence 
of coating layer on 
anode Si surface 


Presence or absence 
of reaction product with 
electrolytic solution 


Initial discharge capac- 
ity at 8 mA discharge 
current (rnAh) 


Retention of capacity 
after storage for 30 
days (%) 


6 


None 


Yes 


20 


50 


7 


Present 


No 


24 


85 


8 


Present 


No 


24 


90 



[0068] From the analysis with the ESCA, it was verified that silicon particles in samples No.7 and No.8 are not 
exposed on the surface of the anode, but covered with the carbonaceous material. Sample No.7 showed significantly 
55 improved initial capacity and capacity retention over sample No.6. in sample No.8, the retention of capacity was further 
improved by covering the current collector with the carbonaceous material 

[0069] In the analysis with GC-MS of the electrolytic solution wherein the electrode of sample No.6 was immersed, 
difluoromethyl phosphate generated by the reaction of dimethyl carbonate used as the solvent and LiPF 6 of the electro- 
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lyte on the surface of silicon was detected. Further, ESCA analysis of the electrode that was dipped in the electrolytic 
solution showed the presence of a compound containing silicon and fluorine, although molecular structure thereof is not: 
known, and it was confirmed that the silicon particles react directly with the electrolytic solution. 

s Embodiment 3 

[0070] A battery according to the third embodiment was made in the following procedure. 
(Formation of anode) 

w 

[0071] An anode was formed in the same manner as in case of sample No.1 of the first embodiment. 
(Preparation of electrolytic solution) 

15 [0072] 1 mofe/L of L!PF 6 was dissolved in a solvent made by mixing ethylene carbonate and dimethyl carbonate 
with proportion of 1: 1 (by volume), to prepare seven types of electrolytic solution containing hydrogen fluoride in con- 
centrations of 1000 (sample No. 13), 750 (No. 14), 500 (No. 15), 250 (No. 9), 100 (No. 10), 30 (No. 11) and 3 p g/g (No. 
12). 

20 (Formation of cathode) 

[0073] A cathode was formed in the same manner as in the first embodiment. 
(Fabrication of battery) 

25 

[0074] Batteries were fabricated in the same manner as in the first embodiment by using the anode, the seven 
types of electrolytic solution and the cathode that were made as described above. Porous polyethylene film (manufac- 
tured by Asahi Chemical Industry Co., Ltd.) having a thickness of 25 fx m was used as the separator. 
[0075] The batteries thus obtained were subjected to cycle test (charging with constant current, constant voltage 
so with 1 2 mA, 4.05 V for 3 hours, discharge with constant current of 8 mA, cut off voltage 2.5 V). The results of the cycle 
test are shown in Table 3. 



Table 3 



Sample No. 


9 


10 


11 


12 


13 


14 


15 


Concentration of hydrogen fluoride (\i g/g) 


250 


100 


30 


3 


1000 


750 


500 


Initial discharge capacity (mAh) 


24 


25 


25 


25 


20 


22 


23 


50th discharge capacity (mAh) 


18 


20 


21 


22 


8 


11 


14 


Discharge capacity ratio (after 50th/initial)(%) 


75 


80 


85 


90 


40 


50 


60 



[0076] Samples No. 9 through No. 12 where Hydrogen fluoride concentration in the electrolytic solution was kept 
45 within 250 jit g/g showed better cycle property than samples No. 13 through No. 15. 

Embodiment 4 

[0077] Batteries according to the fourth embodiment were made in the following procedure. 

50 

(Formation of cathode) 

[0078] Cathodes having a thickness of 0.15 mm (No. 16), 0.4 mm (No. 17), 0.6 mm (No. 18) and 0.75 mm (No. 19) 
were formed in the same manner as in the first embodiment, except for the thickness. 

55 

(Formation of anode) 

[0079] Anodes were formed in the same manner as in the first embodiment except for the applicator gap being set 
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to 1000 |J. STL 

(Fabrication of battery) 

5 [0080] Batteries were fabricated in the same manner as in the first embodiment 

[0081] The batteries Nos, 16, 17, 18, 19 showed Incorporation of lithium equivalent to 200 mAh, 530 mAh, 800 mAh 
and 1 000 mAh per 1 g of anode silicon when charged with the maximum voltage of 4.05 V, 

[0082] The coin type batteries made by assembling the components described above were left to stand at the room 
temperature for a whole day Then the batteries were subjected to cycle test (charging with constant current, constant 
w voltage with 12 mA, 4.05 V for 3 hours, discharge with constant current of 8 mA, discharge end voltage 2.5 V). The 
retention of capacity at the 50th cycle was calculated by dividing the discharge capacity at the 50th cycle by the dis- 
charge capacity at the 1 st cycle. The results of the cycle test are shown in Table 4, 



Table 4 



Sample No. 


Capacity per 1 g of silicon 
(mAh/g) 


Retention of capacity 
after 50 cycles (%) 


18 


200 


95 


17 


530 


90 


18 


800 


85 


19 


1000 


70 



25 

[0083] As shown above, samples No. 1 6 through No. 1 8 that showed incorporation of lithium equivalent to 200 mAh 
through 800 mAh per 1g of anode silicon when fully charged demonstrated better cycle property than sample No. 1 9. 

Embodiment 5 

30 

[0084] Batteries according to the fifth embodiment were made in the following process. 
(Formation of anode) 

35 [0085] 80 parts by weight of silicon powder (mean particle size: 1 jli m, purity: 99%, manufactured by Kojundo 
Kagaku Kenkyujo K.K.) and 20 parts by weight of a mixed powder of graphite and pitch resin (90 parts by weight of 
graphite and 10 parts by weight of pitch resin, manufactured by Osaka Kasei K.K.) were mixed and, after firing at 
1 1 00°C in a nitrogen atmosphere for three hours, crushed for five minutes in a vibration mill to obtain the raw powder. 
[0086] 30 parts by weight of the raw powder and 80 parts by weight of HUP solution (1 0%) of polyvinylidene fluo- 

40 ride resin used as binder were mixed for ten minutes in a vibration mill to obtain a coating solution. 

[0087] The coating solution was applied to a copper foil (30 \x m thick) using an applicator (gap width 500 \i rn), and 
was dried at 80°C for 30 minutes. The coated film was punched in a shape of disk 2 cm in diameter, that was pressed 
with a pressure of 1.5 x 1 0 8 Pa using a flat plate press. 

[0088] The coated film was fired at 800°C in nitrogen atmosphere for 3 hours, thereby making the anode. 

45 

(Analysis of binder) 

[0089] Thermogravimetry of polyvinylidene fluoride resin (manufactured by Kureha Chemical Industry Co., Ltd.) of 
the binder in a nitrogen atmosphere showed weight retention of 25% at 800°C. 

50 

(Formation of cathode) 

[0090] Cathodes were formed in the same manner as in the first embodiment 
55 (Fabrication of battery) 

[0091 ] Batteries were made in the same manner as in the first embodiment. 

[0092] The battery made in the process described above will be called sample No. 20. Sample No. 21 is a battery 
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made similarly to sample No- 20, except for using polyacrylonitrile (reagent having a molecular weight of 1 50000, man- 
ufactured by Poly-Science K.K.) as the binder and adding a solution, that was made by diluting 6 parts by weight of poly- 
acrylonitrile and 2 parts by weight of polyvinyl butyral resin (manufactured by Sekisui Chemical Co., Ltd.) in 60 parts by 
weight of NMR to 32 parts by weight of the raw powder The retention of weight at 800°C was 35%. 
s [0093] Sample No. 22 is a battery made similarly to sample No. 20, except for using phenol-formaldehyde resin 
(resol type, viscosity 50 Pa • s) as the binder and adding a solution made by dissolving 7.5 parts by weight of phenol- 
formaldehyde resin and 5 parts by weight of polyvinyl butyral resin used in the example 1 8 in 50 parts by weight of eth- 
anol to 37.5 parts by weight of the raw powder. The retention of weight at 800°C was 60%. 

[0094] Sample No. 23 is a battery made in the same manner as in the case of sample No. 20, except for using gei- 
10 atin (made by Nitta Gelatin K.K.) as the binder and adding a solution made by dissolving 12.5 parts by weight of gelatin 
and 2.5 parts by weight of glycerin (reagent manufactured by Wako Pure Chemicals Co., Ltd.) in 50 parts by weight of 
water to 35 parts by weight of raw powder. The retention of weight at 800°C was 20%. 

[0095] Sample No. 24 is a battery made similarly to sample No. 20, except for using granulated sugar (manufac- 
tured by Taito Co., Ltd.) as the binder and adding a solution made by dissolving 1 1 parts by weight of granulated sugar 
rs in 44 parts by weight of water together with 35 parts by weight of an aqueous polyethyleneimine solution (manufactured 
by Nippon Shokubai K.K.) to 35 parts by weight of raw powder. The retention of weight at 800°C was 1 7%. 
[0096] After aging for 36 hours at the room temperature, the batteries were subjected to a cycle test (charging with 
constant current, constant voltage with 1 2 mA 5 4.05 V for 3 hours, discharging with constant current of 8 mA, discharg- 
ing cut off voltage 2.5 V). The results of the test are shown in Table 5. 

20 



Table 5 



Sample No. 


Initial discharge capacity 
(mAh) 


Discharge capacity after 
30 cycles (mAh) 


20 


25 


20 


21 


26 


23 


22 


26 


23 


23 


26 


23 


24 


26 


22 



[0097] The binder that is turned into non-graphitizable carbon by the heat treatment and shows weight retention of 
35 5% or more provides high capacity and good cycle properties. 

[0098] In Raman shift analysis of the anode used in sample No. 20, a peak of intensity 5000 ops was observed at 
wave number 525 cm" 1 , but no peaks having intensity not less than 50 ops were observed at wave numbers 770 cm 1 
and 940 cm' 1 . Consequently, peak intensities that are attributed to SiC are not higher than 0.01 with respect to the peak 
intensity that is attributed to Si, and sample No.20 did not substantially contain SiC. 

40 

Claims 



1* A lithium secondary battery comprising a cathode, an anode and lithium ion conductive electrolytic solution, each 
electrode containing an active material capable of incorporating and releasing lithium ions, 
45 wherein the anode comprises a sintered material which contains 50 to 99% by weight of silicon and 1 to 50% by 
weight of a carbonaceous material, and the sintered material has an electrical conductivity not less than 1 S/cm 

2. A lithium secondary battery according to claim 1, wherein silicon contained in the sintered material exists in the 
form of particles, and the particles are covered with the carbonaceous material. 

50 

3. A lithium secondary battery according to claim 1 , wherein an amount of lithium which is equivalent to 200 to 800 
mAh per 1g of silicon is incorporated in the anode when fully charged. 

4. A lithium secondary battery according to claim 1 , wherein the electrolytic solution contains fluorine-containing lith- 
55 ium salt, and the concentration of hydrogen fluoride in the electrolytic solution is not more than 250 \x g/g. 

5. A process for producing a lithium secondary battery with a cathode and an anode, each electrode containing an 
active materia! capable of incorporating and releasing lithium ions, the process of forming the anode comprising the 
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steps of: 

forming a coated film consisting of silicon and a binder that forms non-graphitizable carbon through heat treat- 
ment on a current collector; and 

sintering the coated film in a non-oxidizing atmosphere, thereby integrating a sintered material of the coated 
film with the current collector 

6, A process according to claim 5, wherein the binder is at least one selected from the group consisting of phenol- 
formaldehyde resin, xylene resin, furan resin, vinylidene resin, saccharides, polyacrylonitrile and gelatin. 
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